I N T R O D U C T I O N
Cnidarian medusae are conspicuous components of pelagic ecosystems and provide a variety of ecosystem services (Doyle et al., 2014) . Prime amongst these is their ability to host a diverse range of organisms, from fish to invertebrates (Fleming et al., 2014; Riascos et al., 2015) , in a variety of relationships including parasitism, mutualism and commensalism (Ohtsuka et al., 2009) . By hosting a diverse fauna, medusae may play a significant role in supporting pelagic biodiversity (Lynam and Brierley, 2007; Doyle et al., 2014) .
Organisms may associate with medusae for a variety of reasons. Medusae may protect associates from predators, as seen for juvenile fish (Masuda et al., 2008; D'ambra et al., 2015) and crabs (Sal Moyano et al., 2012) . They may provide a food source for associates, either directly by being consumed by organisms such as fish (Miyajima et al., 2011; D'ambra et al., 2015) , crustaceans (Sal Moyano et al., 2012; O'Rorke et al., 2014) and amphipods (Towanda and Thuesen, 2006; Fleming et al., 2014; Riascos et al., 2015) , or indirectly by their associates feeding on prey the host has captured (defined as kleptoparasitism) (Masuda et al., 2008) . Some amphipods use medusae as nurseries by laying eggs directly into the host tissue or by transferring brooded juveniles on to the host, which then feed on the host, steal prey captured by the host, or both (Harbison et al., 1977; Laval, 1980; Dittrich, 1988) . Furthermore, the association of ophiuroids and some crustaceans with medusae may be a form of phoresy, whereby organisms "hitch a ride" on their hosts to facilitate dispersal (Marliave and Mills, 1993; Kanagaraj et al., 2008; Sal Moyano et al., 2012) . Through their use as a food source, habitat, nursery and as vectors for transportation (Doyle et al., 2014) medusae provide numerous and diverse services to the organisms that associate with them.
The ophiuroid Ophiocnemis marmorata is the only echinoderm thus far observed to associate with medusae (Panikkar and Raghu Prasad, 1952; Berggren, 1994; Marsh, 1998; Fujita and Namikawa, 2006; Kanagaraj et al., 2008) . The life cycle of O. marmorata has not been described but the species is distributed throughout the tropical IndoWest Pacific region (Berggren, 1994; Marsh, 1998; Fujita and Namikawa, 2006) , typically lives on benthic soft substrata (Clark, 1938) and has also been observed on rhizostome medusae including Rhopilema nomadica, Rhopilema hispidum, Rhopilema esculentum, Cephea cephea and Netrostoma sp. (Marsh, 1998; Fujita and Namikawa, 2006; Kanagaraj et al., 2008) . Data on this association are limited to simple observations of its occurrence and a few scattered measurements of the sizes of the medusae and their associated ophiuroids (Panikkar and Raghu Prasad, 1952; Marsh, 1998; Fujita and Namikawa, 2006; Kanagaraj et al., 2008) so the reason for the association is unknown. No quantitative data on the prevalence of association, the size-dependence of the relationship or potential trophic relationship between the ophiuroid and its host exist.
Trophic relationships between medusae and their associates have been investigated using gut content (Sal Moyano et al., 2012) and stable isotope analyses (Sal Moyano et al., 2012; Fleming et al., 2014; D'ambra et al., 2015; Riascos et al., 2015) . Gut content analyses cannot distinguish between prey that is assimilated (and so important to the nutrition of the predator) and prey that is ingested incidentally (Fry, 2006) which limits their use for inferring trophic relationships. Stable isotope analyses, however, can identify that foods are assimilated by a predator and detect food sources not easily visualized in gut contents (Peterson and Fry, 1987; Pitt et al., 2009) . Stable isotopes can trace trophic relationships because isotopic ratios are largely conserved between trophic levels, except for a small and predictable enrichment in the proportion of heavy isotopes from the prey to its predator (termed trophic fractionation) (Peterson and Fry, 1987; McCutchan et al., 2003) . Typically, δ
13
C is used to identify and trace potential food sources, while δ 15 N reflects the trophic level at which an organism feeds (West et al., 2006; Lajtha and Michener, 2007) .
Stable isotopes have been used to investigate trophic relationships between medusae and parasitic amphipods (Towanda and Thuesen, 2006; Fleming et al., 2014; Riascos et al., 2015) and a commercially valuable species of fish (D'ambra et al., 2015) . All four studies found that the associates fed on medusae. Ophiuroids typically suspension feed by using their arms to filter particulate matter from the water column or they may scavenge detritus from the benthos (Warner, 1982) . Ophiuroids that associate with medusae, therefore, may use medusae as a platform to filter plankton from the water column, potentially scavenge or steal food from the host medusae or they might graze on the medusae directly.
We recently observed O. marmorata associating with the moon jellyfish, Aurelia aurita, which is the first time O. marmorata has been recorded associating with a semaeostome medusa. The major objectives of our study were to (i) describe the prevalence of the association between A. aurita and O. marmorata, (ii) determine whether the number of ophiuroids on a medusa was correlated with the size of the medusae and (iii) use stable isotopes to determine whether O. marmorata were feeding on their medusae hosts or on planktonic prey.
M E T H O D S Sample collection
To assess the frequency of association and size-dependent relationship between A. aurita and O. marmorata, 92 A. aurita medusae were sampled across 8 sites in the northern section of Ningaloo Reef, Western Australia (21°52′81″ S, 113°59′23″ E to 22°02′74″ S, 113°89′06″ E) between 29 May and 26 June 2015. At each site, A. aurita medusae were selected at random and collected from a boat using a hand-held dip net (diameter = 20 cm; mesh size = 4 mm). Medusae were approached slowly and the net was held at least 20 cm below the medusae before being swept upwards to ensure no ophiuroids detached from the host medusa during collection. The number of ophiuroids on each medusa was counted and the diameters of the central disc of each ophiuroid and the bell of each medusa were measured to the nearest 1 mm. Aurelia aurita were chosen to assess the relationship between medusae and O. marmorata as they were present at the time of sampling and because it was the first time O. marmorata had been observed associating with A. aurita and not a rhizostome medusa.
Thirty of the 92 A. aurita medusae and their associated ophiuroids were used for stable isotope analysis. Medusae and ophiuroids used for isotope analyses ranged in size from 95 to 180 mm bell diameter and 3-6 mm disc diameter, respectively. These specimens were collected from a boat at two sites (15 medusae at each site) separated bỹ 4 km, on 2 and 4 June 2015. At each site, the potential planktonic prey of ophiuroids and medusae were collected using small (diameter = 30 cm; mesh size = 53 µm) and large (diameter = 51 cm; mesh size = 150 µm) plankton nets. The small net sampled seston (phytoplankton and particulate organic matter) and the large net sampled mesozooplankton. Four replicate plankton tows were carried out using each net. Medusae and plankton were transported in a cool, insulated box containing ice packs to the laboratory. Ophiuroids were transported to the laboratory alive and placed in aerated seawater where they were maintained for 24 hours to allow them to evacuate their guts to avoid potential contamination of isotopic signatures by ingested prey.
Sample processing for stable isotope analysis
Medusae and ophiuroids were rinsed with filtered seawater to remove all debris and were processed fresh, as preservation by freezing or in ethanol can alter the isotopic signature of medusae (Fleming et al., 2011) . Ophiuroids generally occurred on the oral arms of the medusae but a sample of the bell was used for isotopic analysis because the δ , 2014) , and the bell was less likely to be contaminated by the planktonic prey of the medusae. Approximately 5 cm 2 of the bell was excised from each medusa for isotope analysis. Ophiuroids ranged from 1-6 mm disc diameter (Fig. 1) ; however, ophiuroids ranging from 1 to 2 mm disc diameter did not yield enough dry mass for isotopic analysis, therefore, the largest ophiuroids associated with each medusa (ranging from 3 to 6 mm disc diameter) were selected and processed whole to ensure sufficient dry mass for isotopic analysis. Processing of only larger size classes of ophiuroids, therefore, precluded assessment of potential ontogenetic changes in diet of ophiuroids. Mesozooplankton were separated into three size classes using sieves (500, 300 and 100 µm) and rinsed with filtered seawater. Seston (53-100 µm) samples were sieved through 100 µm mesh to remove large material and then filtered through precombusted Whatman GF/F filter papers using a single stage vacuum pump.
All samples were dried in an oven at 60°C until constant weight and homogenized to a fine powder using an agate mortar and pestle. Seston samples collected on GF/F filter papers remained firmly embedded in the glass fibres and were combusted and homogenized together (sensu Grey et al., 2000) . Samples of ophiuroids and plankton for δ 13 C analysis were weighed into silver capsules (5 mm, Sercon) and decalcified by the drop-wise addition of 1 M HCl (Carabel et al., 2006) . Acid was added until the sample stopped bubbling (Jacob et al., 2005) and samples were re-dried and weighed (±0.01 mg) (Mateo et al., 2008) . Ophiuroid and plankton samples for δ 
Stable isotope analyses
Stable isotopes of carbon and nitrogen (δ 13 C and δ 15 N) of ophiuroids, medusae, the three size classes of  mesozooplankton and seston were measured using a continuous flow isotope ratio mass spectrometer at the University of California Davis Stable Isotope Facility (USA). Precision of values as a standard were measured at 0.2‰ for 13 C and 0.3‰ for 15 N. During analyses, the samples were interspersed with replicates of at least two different laboratory standards, which were calibrated against standard reference materials from the National Institute of Standards and Technology. Replicates were selected to be compositionally similar to the samples being analysed to enable the final δ values to be expressed as per mil values (‰) relative to international standards (Vienna PeeDee Belemnite for C and Air for N).
Statistical analyses
The relationship between the number of ophiuroids present on a medusa and size of medusae was tested using Pearson's correlation coefficient. A Chi-square test for goodness of fit was used to test for differences in the size distributions of medusae with and without ophiuroids.
The dietary composition of O. marmorata was modelled using Stable Isotope Analysis in R (SIAR, version 3.2.0), a package in R (http://cran.r-project.org/). SIAR fits a Bayesian mixing model to the potential food sources of organisms, based on their derived isotopic ratios (Parnell and Jackson, 2013) , to estimate the proportion of sources contributing to an organism's diet (Parnell et al., 2010) . Seston, the three size classes of mesozooplankton and A. aurita were considered as potential food sources of ophiuroids. For the analyses, samples from the two sites were pooled. SIAR reduces error caused by generalized fractionation ranges by allowing for species-specific fractionation ranges (Parnell et al., 2010) . Fractionation of gelatinous tissue, however, has not been determined for any potential predators of medusae. Moreover, trophic enrichment factors or TEFs have only been determined for fish, mussel and macroalgal diets of two species of adult ophiuroid (Blanchet-Aurigny et al., 2012). For the current study, therefore, five different TEFs were modelled (Table I) , including those estimated for fish, mussel and macroalgal diets of ophiuroids (Models A, B and C, respectively) (Blanchet-Aurigny et al., 2012) and the generalized TEFs published by Post (Post, 2002) and McCutchan et al. (McCutchan et al., 2003) (Models D and E, respectively), which are standard across all taxa. The TEFs used for Models A, B and C used values derived from whole ophiuroids that were in gonadal rest (Blanchet-Aurigny et al., 2012) because they most closely approximated the samples of O. marmorata used in this study (i.e. juveniles that were processed whole). The five different TEFs were used to examine the sensitivity of the SIAR mixing model to variation in trophic fractionation (sensu Riascos et al., 2015) . Turnover times for O. marmorata are unknown but, given juveniles were sampled, turnover times were likely to be less than those recorded for adults of other ophiuroid species (i.e. <22 days) (Blanchet-Aurigny et al., 2012) .
R E S U L T S Prevalence of association and size relationships
Seventy-three of the 92 A. aurita sampled (79%) hosted at least one O. marmorata. Ophiuroids were generally located underneath the bell or amongst the oral arms. The disc diameter of ophiuroids ranged from 1 to 6 mm and 67% of ophiuroids had a disc diameter of 3 mm or larger (Fig. 1) . Medusae hosting ophiuroids (55-230 mm bell diameter) were larger than those without (60-130 mm; χ² = 10.759, df = 1, P = 0.013) and every medusa >135 mm bell diameter hosted one or more ophiuroids (Fig. 2) . There was a significant (P < 0.001) but weak (r(90) = 0.39) positive relationship between the size of medusae and the number of ophiuroids they hosted (Fig. 3) . The largest number of ophiuroids recorded (N = 14) occurred on a medusa with 155 mm bell diameter (Fig. 3 ). Ophiuroids were observed at all sites sampled. Two other scyphozoans (Crambione mastigophora and Cyanea sp.) sometimes co-occurred with A. aurita but O. marmorata were only observed on A. aurita. Table I : TEFs used to examine the sensitivity of the SIAR mixing model to variation in TEFs 
Dietary composition of O. marmorata
Ophiocnemis marmorata and their A. aurita hosts shared very similar δ
15
N values (9.52 and 9.33, respectively) and werẽ 2-3 ppt more enriched in 15 N than the planktonic sources (Fig. 4) . Ophiocnemis marmorata was~1.5 ppt more enriched in 13 C than the medusae (−17.65 and −19.26, respectively). Four of the five SIAR models (Models B, C, D and E) (Table I) indicated that A. aurita contributed the least to the assimilated diet of O. marmorata and three of these models indicated that the dietary contribution of A. aurita was negligible (<10% maximum likely contribution; Models B, C and D) (Fig. 5) . The 500 µm zooplankton and seston contributed the greatest amounts to the diet (both sources were estimated to have contributed from 37 to 78%, CI = 95%), while 300 µm and 100 µm zooplankton consistently contributed approximately only 30% to the ophiuroid's diet, across all five models. Aurelia aurita contributed the greatest amount to the diet only in Model A, which used TEFs estimated from fish-fed ophiuroids (Blanchet-Aurigny et al., 2012). Overall, A. aurita appears to contribute a negligible amount to the diet of O. marmorata.
D I S C U S S I O N
Here, we present the first observations of the ophiuroid O. marmorata associating with the common semaeostome medusa, A. aurita (Arai, 1997) . Aurelia is probably the most widely distributed and well-studied genus of scyphozoan medusa, and the absence of prior observations of this association may suggest that the association is rare. However, Aurelia has been predominantly studied in temperate and boreal waters of the Atlantic and Pacific oceans (Web of Science (12 February 2016) returned 54, 42 and 4 studies, respectively, using the terms "Aurelia" and "Atlantic" or "Pacific" or "Indian") whereas O. marmorata is predominantly distributed in the tropical Indian Ocean (Panikkar and Raghu Prasad, 1952; Berggren, 1994; Marsh, 1998; Kanagaraj et al., 2008) . The lack of previous observations of the association between A. aurita and O. marmorata may simply reflect that studies of Aurelia have rarely occurred within the distributional range of O. marmorata and that jellyfish have been poorly studied in this remote region of Northwestern Australia (Lucas et al., 2014) .
The ophiuroids associating with A. aurita were small (1-6 mm disc diameter) and were probably juveniles, because the maximum disc diameter reported for the species is 21 mm (Clark, 1938) . These observations are consistent with the small sizes of ophiuroids observed on rhizostome medusae (Marsh, 1998; Fujita and Namikawa, 2006) . Moreover, anecdotal observations in Japan, the Philippines (Fujita and Namikawa, 2006) , Western Australia (Marsh, 1998) and Madagascar (Berggren, 1994) suggested that the ophiuroids occurring on rhizostome medusae were smaller than those in the benthos indicating that ophiuroids may abandon their hosts at a particular size class and adopt or return to a benthic existence. Confirmation of this hypothesis, though, would (Post, 2002) and (E) (McCutchan et al., 2003) standard TEF values across taxa (refer to Table I ). Grey scale (from light to dark) indicates 95, 75 and 50% confidence intervals, respectively.  require quantitative comparisons of the size distributions and reproductive statuses of ophiuroids occurring on the medusae and in the benthos. Despite extensive searching using snorkel, however, we were unable to find any benthic ophiuroids to test this hypothesis.
Juvenile O. marmorata could feasibly colonize medusae in two ways (Marsh, 1998; Fujita and Namikawa, 2006; Kanagaraj et al., 2008) . Small benthic ophiuroids may attach opportunistically to medusae (Marsh, 1998; Fujita and Namikawa, 2006; Ohtsuka et al., 2009) if medusae occasionally encounter the benthos (Yasuda, 1973) . However, this scenario is probably unlikely given the prevalence of the association (79% of medusae hosted ophiuroids) and that we never observed A. aurita contacting the benthos. More plausibly, O. marmorata may colonize medusae during their presumed planktonic larval stage (Marsh, 1998) . Indeed, many of the ophiuroids occurring on the medusae were tiny (smallest size = 1 mm) and larval colonization would be consistent with the high prevalence of the association if medusae encountered dense aggregations of planktonic larvae.
The wide size distribution of A. aurita suggests that multiple cohorts of medusae were present (sensu Pitt and Kingsford, 2003) . Ophiocnemis marmorata predominantly colonized larger medusae (>135 mm BD), possibly because the greater surface area provided by larger animals may have increased the likelihood of ophiuroids encountering them (Fujita and Namikawa, 2006) . The disproportionate colonization of larger medusae may also reflect that the timing of recruitment of the ophiuroids simply coincided with when the larger and older cohort of medusae occurred and that fewer ophiuroids were present to colonize the subsequent cohorts of medusae.
Four of the five SIAR models indicated that O. marmorata derives its nutrition predominantly from mesozooplankton and/or seston but not (or only minimally) from their host medusae. This finding differs to those of the four other studies (Towanda and Thuesen, 2006; Fleming et al., 2014; D'ambra et al., 2015; Riascos et al., 2015) that have used stable isotopes to examine trophic relationships between associates and their host medusae, because in all other cases the associates (fish and hyperiid amphipods) derived the bulk of their nutrition from the medusae. Ophiocnemis marmorata, therefore, may use their host medusae as a platform from which they filter plankton (Fujita and Namikawa, 2006) . However, O. marmorata were never observed with their arms raised (a behaviour typical of filter feeding) (Warner, 1982) and usually occurred amongst the oral arms of the medusae, therefore, we hypothesize that they may be kleptoparasites (Iyengar, 2008) and steal prey or scavenge detritus from the oral arms of their hosts (Fujita and Namikawa, 2006; Kanagaraj et al., 2008) . Indeed, the small potential contribution of medusa tissue in their diet would be consistent with the incidental ingestion of medusa tissue as they steal or scavenge prey.
Aurelia aurita are generally recognized as zooplanktivores (e.g. Purcell, 2003) although recent evidence suggests that its diet may sometimes shift towards microplankton (Javidpour et al., 2016) . Ophiocnemis marmorata was more enriched in 13 C than their A. aurita hosts, indicating that they may have been assimilating a different component of the planktonic community than the medusae. Indeed, the enrichment in 13 C may reflect a greater contribution of seston to the diet, as was consistent with the SIAR models. Moreover, it is not uncommon for ophiuroids to derive nutrition indirectly from their hosts. For example, kleptoparasitic behaviours have been observed in ophiuroids such as Ophiomaza cacaotica and Gymnolophus obscura, which took food from the mouth and ambulacral grooves of their host feather stars (Clark, 1976; James, 1995) , while the ophiuroid Astrobrachion constrictum shares a mutualistic relationship with the cnidarian, Antipathes fiordensis (Stewart, 1998) . Astrobrachion constrictum feeds on plankters and detritus from the branches of the host coral and mucus from coral polyps which keeps the host coral free from epizoic organisms and detritus (Stewart, 1998) .
Our modelling of the trophic relationship between O. marmorata and its potential food sources was somewhat limited by the lack of information on the trophic fractionation of the ophiuroid. The TEFs used in the sensitivity analysis were not specific to O. marmorata, but it is rare in studies of trophic ecology to have species-specific fractionation values (e.g. Fleming et al., 2014; Riascos et al., 2015) . Moreover, the TEFs from Blanchet-Aurigny et al. (Blanchet-Aurigny et al., 2012) were based on benthic sources that were fed to adult ophiuroids, whereas we were testing the contribution of pelagic sources (plankton, seston and A. aurita). Our models, however, tested a wide range of TEFs (including negative values) and only one of these (the TEF derived for a fish diet) indicated that medusae could make a large contribution to the ophiuroid's diet. Experimentally determining the trophic fractionation of O. marmorata (e.g. by feeding O. marmorata a pelagic-based diet with a known isotopic signature; sensu Blanchet-Aurigny et al., 2012), however, would allow the most rigorous assessment of their trophic relationships.
SIAR is widely used by trophic ecologists to estimate dietary sources and is considered to produce robust results (Parnell et al., 2010) . Limitations of SIAR, however, include that outputs represent probable solutions and that the underlying model may remain undetermined. It also assumes that no isotopic routing occurs within the body of the consumer and that all isotopes are assimilated equally, which may not be the case (Parnell et al., 2010) . The SIAR mixing model, however, performs acceptably even where key model assumptions have been violated (Parnell et al., 2010) .
In addition to potentially supplying a food source for O. marmorata, medusae may also facilitate their dispersal (Marsh, 1998) and provide protection from predators (Ohtsuka et al., 2009 ) (including benthic predators, which they would be otherwise exposed to). Indeed, medusae have been suggested to transport O. marmorata up to 1000 km from their point of colonization (Ohtsuka et al., 2009) . Host medusae, in contrast, do not appear to benefit or be directly harmed by the ophiuroids but if O. marmorata steals food from its host, the medusae are likely to be adversely affected. Consequently, the relationship may be best defined as parasitic rather than commensal, although any adverse effects on the medusae still need to be confirmed. Moreover, the relationship is probably not accidental because of the prevalence of the association, the observation that O. marmorata only associated with A. aurita despite the co-occurrence of other scyphozoan species that could have been also accidentally colonized, and that the ophiuroid associates with numerous other species of medusa elsewhere in the Indian Ocean (Panikkar and Raghu Prasad, 1952; Berggren, 1994; Marsh, 1998; Fujita and Namikawa, 2006; Kanagaraj et al., 2008) . This association between O. marmorata and A. aurita was observed in a remote region of northwestern Australia, where very limited information for both medusae (Lucas et al., 2014) and ophiuroids exists. Our observations highlight the potentially important role of A. aurita in supporting pelagic biodiversity in this region. Further investigations are needed from elsewhere in O. marmorata's distributional range to determine the extent of its association with A. aurita.
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